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ABSTRACT

Iron diselenide (FeSe;) has been of recent interest as a potentially useful electrode material. Here we
demonstrate, for the first time, the synergistic effect between multi-walled carbon nanotubes (MWCNT)
and FeSe; in a form of MWCNT/FeSe, composite, for the heterogeneous electron transfer (HET) reaction
with the [Ru(NH3)g]?*/2* redox probe and the electrochemical hydrogen evolution reaction (HER) in
acidic media. Plain FeSe; and the MWCNT/FeSe, composite were synthesized using a one-pot hydro-
thermal method. Although all electrode materials (pristine MWCNT, FeSe;, and MWCNT/FeSe;) show a
quasi-reversible electrode behavior, MWCNT/FeSe; has a smaller peak separation potential and exhibits
an enhanced HET rate constant, k” = 5.4 x 103 cm/s, which is 3.2 and 1.6 times higher than that of FeSe;
and MWCNT, respectively. Similarly, the HER performance of the composite demonstrates a smaller Tafel
slope of 70 mV/dec and a reduced overpotential. We anticipate that such promising outcome can be
further improved by employing different morphologies of FeSe; and engineered interaction with other
conductive supports suitable for their applications in electrochemical sensing and energy conversion.
© 2018 Elsevier Ltd. All rights reserved.

1.Introduction

cancer therapy [11], etc. In particular, numerous reports on various
nanoarchitectures and morphologies of TMDCs [2,5,12] and their

Transition metal dichalcogenides (TMDCs) such as molybdenum
disulfide (MoS;), molybdenum diselenide (MoSe;), iron diselenide
(FeSey), and metal-free catalysts have recently generated much
attention for their promising applications in electrochemical
sensing [1], electrocatalysis [2—8], Li-ion & Na-ion batteries [9,10],
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combination with different supportive materials [13—16] have
demonstrated improved features in the applications to electro-
catalytic hydrogen evolution reaction (HER). Hydrogen, a clean
energy carrier with an energy density of 142 MJ/kg, can be pro-
duced via electrocatalysis [14,17], photocatalysis [18], and steam
reforming [19]. Although electrocatalytic reduction of water is the
most feasible way to produce hydrogen, its realistic implementa-
tion remains challenging due to the high cost of platinum, currently
the best HER catalyst with the lowest overpotential [20,21]. As a
result, significant research has been devoted to the development of
the non-noble metal electrocatalysts including such from diverse
and abundant TMDCs. The most studies have been focusing on
MoS; due to its near zero hydrogen binding energy at the edges but
other low-cost TMDC catalysts have not received enough attention
for the application in HER and their behavior as electrodes is not
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well-understood [2,12,22].

Electrode kinetics can be better understood by studying HER
with other heterogeneous electron transfer (HET) reactions, which
are not only more convenient but also can identify applications of
the electrode materials in sensing and electrocatalysis. HET per-
formance strongly depends on the electronic structure of the
electrode material such as: an overlap between its energy levels
with those of the redox species [23—26] and the charge transfer
through the electrode [25]; its morphology often plays a significant
role. Carbon materials in the form of highly ordered pyrolytic
graphite (HOPG) [27], single-walled carbon nanotubes [28], gra-
phene [29,30], and hybrids of graphene with CNT [25,31,32] have
been particularly attractive because of the rich possibilities of their
frontier orbital energies, native morphology, and versatility of
chemical and physical modifications. In particular, considerable
research has been devoted to understand the kinetic activity of
edges, basal planes, defects, and the role of multiple graphene
layers [29,30,33,34]. The overall kinetics of a charge transfer reac-
tion is controlled by the slowest step between the mass transport
and the charge transfer. Introduction of nanoelectrodes or elec-
trodes placed at nanometer-sized gaps can remarkably improve the
HET behavior as a result of the enhanced mass transport [24,35].
For HOPG and graphene, it was reported that faster kinetics arise
primarily at the edges rather than at the basal planes [27,30,36];
Velicky et al. have found a great variation in the HET activity across
the basal planes of mono- and multi-layered graphene [29].
Therefore, it is believed that the morphology of the electrode ma-
terials strongly affects its performance. At the same time, there has
been growing interest in understanding the HET kinetics of the bulk
and the layered structures of TMDCs [37—39]. Tan et al. demon-
strated that the edges of MoS; also exhibit significantly enhanced
HET and HER activity in comparison to its basal planes [40].
Improvement in the charge transfer rates can be further realized by
introducing a conductive support such as carbon nanotubes [25,31].
Synergistic effect due to carbon nanotube incorporation has been
reported in the design of electrodes for thiocyanate detection [41],
glucose sensing [42], and hydrogen peroxide sensing [43].

As one of the TMDCs, FeSe; possesses a direct band gap of 1.0 eV
[44] and a relatively good electrical conductivity [4]. A large
abundance of iron and the expected high HER activity comparable
to the metalloenzymes [45,46] make this material of a particular
interest. It can be easily synthesized by electrodeposition [47], hy-
drothermal process [10], and selenization of iron oxide [48]. It is
well-established that an increase in the number of the active sites
and an introduction of a conductive support can enhance the
electrocatalytic activity. For example, the HER activity of FeSe, and
its composite with graphene oxide have been recently reported
[3,49]; Co-doping was also used to enhance the electrocatalytic
performance of FeSe; [49]. However, potential performance of
FeSe; has not been fully realized and the challenges associated with
further improvement of the electrochemical activity can be
addressed by introducing a conductive MWCNT support. Therefore,
we propose that the incorporation of modified MWCNT can be
advantageous simultaneously for improving the morphology of
FeSe, and the charge transfer. To the best of our knowledge, the
synergistic effect between FeSe; and MWCNT has not been re-
ported yet.

Herein, we demonstrate a simple one-pot hydrothermal syn-
thesis protocol for fabricating MWCNT/FeSe, composite. Growth
and morphology of FeSe, are significantly affected by functional-
ized MWCNT resulting in reduced agglomeration. This study
highlights the synergistic effect between MWCNT and FeSe, for
HET and HER. While FeSe; is an HER catalyst with sluggish HET
kinetics in response to the [Ru(NH3)g]* /> redox probe, MWCNT/
FeSe, demonstrates an improved electrochemical activity. Such a

conductive MWCNT network supporting FeSe; is beneficial for
sensing and electrocatalytic applications.

2. Experimental section
2.1. Chemicals

The following chemicals were used in this study: iron (III)
chloride hexahydrate (Sigma-Aldrich, >97%), hydrazine mono-
hydrate 64—65% (Sigma-Aldrich, 98%), selenium (Sigma,
99.999%, —100 mesh), multi-walled carbon nanotubes (Nano-
structured & Amorphous Materials Inc., OD: 50—100 nm, ID:
5—10 nm, length: 5—10 um, 95% purity), nitric acid (Sigma-Aldrich,
70%), sulfuric acid (Sigma-Aldrich, 96%), potassium chloride
(Sigma-Aldrich analytical grade), hexamine ruthenium (III) chlo-
ride (Sigma-Aldrich 98%), nafion® 117 solution (Sigma-Aldrich), and
20 wt¥% platinum on carbon (Fuel Cell Store).

2.2. Synthesis of MWCNT/FeSe, composite

FeSe, decorated multi-walled carbon nanotube composite was
synthesized by a one-pot hydrothermal process. Prior to the hy-
drothermal synthesis, functionalization of pristine MWCNT was
performed in a mixture of concentrated nitric acid and concen-
trated sulfuric acid at 60°C for 2h under continuous ultra-
sonication [50]. Functionalized MWCNT was washed with DI water
and ethanol followed by filtration and vacuum-drying at 70°C
overnight. 17 mg of thus-prepared functionalized MWCNT was ul-
trasonically dispersed in 25 mL of DI water and then 1 mmol of
FeCl3-6H,0 was dissolved in the solution. 2 mmol of Se was dis-
solved in 8 mL of hydrazine monohydrate at room temperature and
subsequently mixed with the FeCls containing solution. Hydrazine
also serves as the reducing agent [51]. The mixture was transferred
into a 45 mL Teflon stainless-steel autoclave and it was kept at
180 °C for 10 h in an electric oven. The product was collected via
filtration and washed several times with DI water and ethanol
followed by vacuum drying at 80°C overnight to obtain FeSe;
decorated MWCNT (MWCNT/FeSe;). Plain FeSe; was obtained us-
ing the same hydrothermal synthesis without the addition of
functionalized MWCNT.

2.3. Characterization

X-ray diffraction (XRD) patterns were obtained using a Rigaku
Miniflex-II with Cu Ka. (A = 1.5406 A) radiation at 30 kV and 15 mA.
Morphological characterization was performed with a JEOL 2010
transmission electron microscope (TEM). X-ray photoelectron
spectroscopy (XPS) analysis was conducted with a Thermo Fisher
ESCALAB 250Xi using the Al Ko X-ray source (1486.6 eV). The XPS
spectra were calibrated with adventitious carbon peak at 284.8 eV.

2.4. Electrochemical measurements

All electrochemical measurements were conducted in a three-
electrode cell configuration with Pt coil and Ag/AgCl (4 M KCl) as
the counter and the reference electrodes, respectively. To fabricate
the working electrode, 5 mg of MWCNT/FeSe, was dispersed in
1 mL of ethanol-nafion solution (950 puL absolute ethanol: 50 pL
nafion solution) and ultrasonicated for 30 min to achieve a ho-
mogenous ink. The glassy carbon electrode (GCE) surface was
polished using three alumina suspensions decreasing in particle
size (5, 3, and 0.05 um; Allied High Tech Products). The polished
surface was washed with DI water and air-dried before 5 pL of the
catalyst ink was drop-casted on it (surface area: 0.1976 cm?).
Working electrodes with plain FeSe;, pristine MWCNT, and
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platinum on carbon (Pt/C) [20 wt%] were similarly prepared. The
mass loading of the catalyst was ~0.126 mg/cm?.

Both HET and HER activities were measured using a CHI 760C
electrochemical station. The HET kinetics was studied using 5 mM
hexaamineruthenium (III) chloride and typically in 0.1 M KCl unless
mentioned otherwise. The solution was bubbled with nitrogen for
15min prior to each electrochemical measurement. Electrode
characteristics were evaluated using the cyclic voltammograms
(CV) obtained at various scan rates. For HER, 0.5 M H,SO4 was used
as the electrolyte. Linear sweep voltammetry (LSV) was performed
at 5mV/s. The working electrode potentials vs. Ag/AgCl were con-
verted into the reversible hydrogen electrode (RHE) potential uti-
lizing the Nernst equation: Epup = Epg/agq + 0.059 pH + Egg/AgG

without taking iR compensation into account. Electrochemical
impedance spectroscopy (EIS) measurements were conducted in
0.5 M H,S04 from 10° Hz to 0.1 Hz at an overpotential of 0.295 V vs.
RHE and 5 mV AC amplitude.

3. Results and discussion
3.1. Characterization of the catalysts

Fig. 1 shows the XRD patterns of FeSe; and MWCNT/FeSe,. The
crystallographic phase of FeSe; corresponds to an orthorhombic
crystal (JCPDS No. 79-1892) of a Pnnm space group with a = 4.803 A,
b=5.751A, and c=3.566 A, respectively. The diffraction peak
associated with the (002) plane of MWCNT [52] at 20 =26.3° is
weak due to the overwhelming signal of FeSe, in the composite.
Fig. 2 presents the TEM images of MWCNT/FeSe; composite and
plain FeSe,. It had been reported that hydrophilic groups of func-
tionalized MWCNT work as anchors [52] improving adhesion of
other TMDC onto MWCNT, which we observe here for FeSe, in
Fig. 2a and b. Moreover, FeSe, alone without functionalized
MWCNT is aggregated into noticeably larger particles, as shown in
Fig. 2c. The dispersion of FeSe, suggests that functionalized
MWCNT not only acts as a support for FeSe;, but also regulates its
growth. A high resolution TEM image in Fig. 2d reveals that FeSe; is
crystalline and its lattice spacing of ~0.37 nm corresponds to the
(110) plane of FeSe;.

The XPS analysis presented in Fig. 3 was carried out to evaluate
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Fig. 1. XRD patterns of FeSe, and MWCNT/FeSe,. The (002) MWCNT peak indicated by
* is zoomed showing the characteristic peak at 20 = 26.31°.

the chemical states of elements in MWCNT/FeSe,. The survey
spectrum of MWCNT/FeSe; (Fig. 3a) indicates the contribution of
Fe, Se, C, and O in the composite. The peaks at 707.9 and 711.1 eV
correspond to the Fe 2p3; signal (Fig. 3b) [49,53]. The minor peak
at 707.9eV indicates the Fe-Fe interaction, while the peak at
711.06 eV is attributed to Fe?t bonded with Se ions [53,54]. The
signals at 719.76 and 725 eV likely arise from Fe 2pq2 [55]. The
fitted XPS spectrum in Fig. 3¢ shows the Se 3d signal at 55.3 eV
indicating the formation of FeSe; [53,56]. The minor peak at 58.7 eV
suggests that surface oxidation of selenium species also takes place
[55,57]. The intense peak in the C 1s region of the spectrum in
Fig. 3d is assigned to the sp? hybridized carbon, while other peaks
with reduced intensities are associated with C-O, C=0, and 0-C=0
groups [58]. These XPS assignments and intensities are consistent
with other reports on the chemical states of similar species.

3.2. Heterogeneous electron transfer (HET)

The HET kinetics at an electrode provide the necessary assess-
ment of its potential applications in electrochemical sensing, en-
ergy storage and conversion, etc. [25,32,37,39] We studied the
kinetics at the electrode-electrolyte interface with [Ru(NHsz)g]>*/2*
redox probe using the CV measurements at different scan rates for
all three electrode materials: MWCNT, FeSe,, and MWCNT/FeSe,.
[Ru(NH3)g]> /2 is known to be practically unaffected by the sur-
face modifications of the electrodes [35,38,59,60]; its outer sphere
charge transfer is almost independent of the specifics of the surface
sites. Therefore, changes in the electrode characteristics should
correspond primarily to the materials electronic properties
[38,59,60]. The CV measurements with MWCNT, FeSe,, and
MWCNT/FeSe; electrodes are presented in Fig. 4a—c, where the
well-defined peaks in the anodic and cathodic scans for
[Ru(NH3)g>t/2* are clearly observed. The redox peaks with
MWCNT/FeSe; are sharper than those of either MWCNT or FeSe;
alone. For all three choices of the electrode, the current density in
CV increases linearly with the (scan rate)”, as expected for diffusion
controlled reactions (Fig.SI-2), but the separation potential be-
tween the cathodic and anodic peaks (4Ep) exceeds 59/n mV
(Table SI-1) [61,62] expected for fully reversible reaction and in-
creases with the scan rate. The peak separation potentials in the
range from ~62/n mV to 1000/n mV correspond to the case of a
quasi-reversible electrode [23,29], ie. when the CV response is
limited by the rates of the electron transfer reaction rather than
solely by diffusion [61]. The peak current ratio is also dependent on
the scan rate, as shown in Fig. 4d. It is less than unity in all the
presented there cases but is more pronounced for the composite. At
least in part, the effect is due to the nonzero surface charge as is
illustrated in Fig. SI-1. The surface charge of FeSe, at neutral pH is
negative (pl is 1.4—1.8) [63—65] and so is that of activated MWCNT
(due to the introduced carboxyl groups with pKa~3 or less) [66,67].
Thus the negatively charged ions (like [Fe(CN)g]>"/*) are effectively
repelled at low electrolyte concentration but the positively charged
Ru(NH3)g]>*/?* are attracted to the surface. Moreover, because
Ru(NH3)]>* is more charged than Ru(NH3)g]**, the concentration
of the former near the surface (i.e. after anodic part of the cycle) is
higher and results in a higher cathodic signal afterwards. Due to
that, the ratio in Fig. 4d is below unity for all cases but it is more
pronounced for MWCNT/FeS; composite, maybe due to a syner-
gistic effect.

Both, the peak current ratio less than unity and the peak sepa-
ration potential, suggest an overall quasi-reversible electro-
chemical process at the electrode-electrolyte interface [61,68],
which can be formalized by relating the heterogeneous electron

transfer rate constant (k%) to the mass transport coefficient [mT =
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Fig. 2. TEM images of MWCNT/FeSe; (a & b) and FeSe; alone (¢ &d).

1/2
(%) ] The values of k” can be calculated as a slope from the

plots of the dimensionless charge transfer parameter () vs. (scan
rate)” '/ using the Nicholson formula [23,69]:

V() )

where, n, v, o, F, D, R, and T are the number of electrons transferred,
the scan rate, the transfer coefficient (a = 0.5), the Faraday constant,
the diffusion constant, the gas constant, and the absolute temper-
ature, respectively. ¥ can be obtained from the peak separation
potential via an approximation valid for 4E, < 220mV
[23,62,69,70]:

In(y) = 3.69 — 1.16In(4E, — 59) 2)

The diffusion constants for the reduced (Dg) and oxidized spe-
cies (Do) for the [Ru(NH3)g]*+/>* redox probe were taken to be

equal and calculated using the Randles-Sevéik equation [71],

D =Dg=Dp=3.19 x 10-% cm?/s. The quasi-reversible behavior [62]
can be illustrated using the Matsuda-Ayabe parameter, § = mﬁ; [66].
The value of £ at different scan rates (Fig. SI-3) reveals the
competitive behavior: £ is on the order of unity and decreases with
the scan rate but for the MWCNT/FeSe, composite, it is the largest.
It confirms that all of them are quasi-reversible but MWCNT/FeSe,
possesses a greater HET activity than that of MWCNT and FeSe;.

The HET rate constants for pristine MWCNT, FeSe, and the
MWCNT/FeSe, composite obtained from the ¥ vs. (scan rate)” /2
plots are 3.4 x 1073, 1.7 x 1073, and 5.4 x 103 cm/s, respectively.
The highest value of k? for the composite (58% higher than for plain
FeSe,) is directly related to its lowest peak separation potential, as
shown in Fig. 5a and b. We speculate that the improved HET per-
formance of the MWCNT/FeSe, composite is due to the synergistic
effect, where conductive MWCNT supports FeSe; nanoparticles and
increases their active surface area [33,40]. Thus, the overall HET
kinetics is quasi-reversible for all electrodes and changes in the
following order: AEpmwenT/Fese2 < AEpmwenT < AEpjrese2  coITE-
sponding to k%ese2 < Komwent < komwenT/Fesez-
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Fig. 3. XPS survey spectrum of MWCNT/FeSe; (a), and its zoomed parts: Fe 2p spectrum (b), Se 3d spectrum (c), and C 1s spectrum (d).

3.3. Electrochemical hydrogen evolution reaction (HER)

Electrocatalytic measurements of HER were carried out in
0.5MH,SO4 using a standard three-electrode set-up. A suitable
HER catalyst should demonstrate a high current density at a lower
overpotential [16]. Therefore, polarization curves were generated
for pristine MWCNT, FeSe;, MWCNT/FeSe;,, and commercial Pt/C,
(Fig. 6a). Pt/C electrocatalyst demonstrates the lowest onset po-
tential and the highest current density at a smaller overpotential. In
contrast to Pt/C, MWCNT electrode shows negligible catalytic ac-
tivity, consistent with other reports [72]. However, FeSe, and
MWCNT/FeSe; exhibit significant catalytic HER activities implying
that FeSe, serves as the core HER catalyst in both cases. Again, the
overpotential required to deliver 10 mA/cm? is lower for the com-
posite. It also demonstrates a correspondingly smaller onset po-
tential (Fig. SI-4). Further insight into the improved catalytic
activity of MWCNT/FeSe, can be obtained from the Tafel plots
presented in Fig. 6b. Tafel slope signifies the additional voltage
required to generate the current density of an order of magnitude
[73,74]. The linear portions of the Tafel plots were fit with the Tafel
equation: n =b log |j| + a, where 7, b, and j are overpotential, Tafel
slope, and current density, respectively. Electrocatalytic hydrogen

evolution kinetics are usually explained via either the Volmer-
Heyrovsky or the Volmer-Tafel pathways [21,75]. As shown in
Fig. 6b, Pt/C, with a Tafel slope of 28 mV/dec, follows what is ex-
pected in the Volmer-Tafel reaction pathway, where chemical
desorption of hydrogen atom is the rate-limiting step at low over-
potentials [76,77]. Although the Tafel slope of 70 mV/dec for
MWCNT/FeSe; is greater than that of Pt/C but it is 11% smaller than
for FeSe;, (78 mV/dec). Such relatively high Tafel slopes suggest that
the HER process for both of them is more likely to proceed via the
Volmer-Heyrovsky reaction pathway [3], where hydronium ions
are reduced to hydrogen atoms on the active sites leading to
hydrogen generation and its subsequent desorption. However, the
actual assessment of the Tafel slope still remains inconclusive
owing to the complexities of multiple reaction steps during the HER
[21,75]. Nonetheless, a better HER activity of the MWCNT/FeSe;
composite over FeSe; can be credited to the synergistic effect
[78,79] of the improved conductivity due MWCNT and a greater
number of active sites in smaller size of FeSe,.

Enhancement in the HER activity of MWCNT/FeSe; was further
confirmed by the differences in relative electrochemically active
surface area (ECSA), which can be also evaluated from the CVs. The
ECSA can be related to the electrochemical double-layer
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capacitance (Cy) measured within the non-Faradaic region [80].
Representative CVs of FeSe; and MWCNT/FeSe, generated at

various scan rates are presented in Fig. SI-5. The Cy values were
calculated from the plot of 4 j = (j, - j.)/2 at 0.445 V vs. RHE against
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Fig. 6. LSV polarization curves (a), Tafel plots (b), plots of the current density difference [4j = (j, - jc)/2] at 0.445 V vs. RHE as a function of the scan rate (c), and the stability analysis
illustrating the 1st and the 1000 LSV polarization curves of MWCNT/FeSe, (d). All plots were obtained in 0.5 M H,SO4.

the scan rates, as presented in Fig. 6¢. An apparent higher value of
Cgy for the MWCNT/FeSe, composite (0.491 mF/cm?) than that of
FeSe, (0.323 mF/cm?) suggests the presence of a higher ECSA for
the composite. Therefore, incorporation of FeSe, with functional-
ized MWCNT is an effective way to increase the number of active
sites and thus improve HER activity. Further insights into the
electrode kinetics and the charge transfer were obtained from the
impedance spectroscopy. Nyquist plots (Fig. SI-6) show that
MWCNT/FeSe, possesses a substantially lower charge transfer
resistance (R.) of 121 Q than that of FeSe; (436 Q). The error in the
simulated parameters is below 3%. A smaller R for the composite
reflects a faster Faradaic process towards hydrogen generation at
the electrode-electrolyte interface. The corresponding Bode plots
(Fig. SI-6) can be explained using a one-time-constant process with
the charge transfer times (7) evaluated according to the equation:
L, where wp is the angular frequency at the peak in the -Phase

wp'
vs. log(w) plot [13]. The MWCNT/FeSe, composite has a smaller
charge transfer time (1.44 ms) than that of FeSe; (2.22 ms). The
catalytic stability is another important parameter for the HER ac-
tivity. Comparison of the linear sweep voltammograms of MWCNT/
FeSe, for the 1st and 1000™ cycles shows that MWCNT/FeSe,
composite is a fairly stable electrocatalyst for hydrogen generation
(Fig. 6d). The gradual decrease in the catalytic activity might be

T =

associated with the corrosion of the catalyst in the acidic media.
4. Conclusions

In summary, the MWCNT/FeSe, composite fabricated using the
one-pot hydrothermal process shows a synergistic improvement in
the heterogeneous electron transfer and the electrocatalytic
hydrogen evolution reaction. Significantly improved HET rate
constant for [Ru(NHs3)s]>*/** redox probe in 0.1M KCl (to
5.4 x 103 cm/s or by 58% compared to plain FeSe,) and a smaller
Tafel slope (70 mV/dec) during hydrogen evolution for the com-
posite highlight its superiority over MWCNT and FeSe, alone. The
synergistic enhancement arises from the increased surface area of
smaller FeSe, particles and the presence of conductive MWCNT
support. The promising approach may be further improved by
doping and better controlled morphological alterations of the cat-
alysts, which can be applied in electrochemical sensing and elec-
trocatalytic hydrogen evolution.
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